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(57) ABSTRACT

A method comprising: providing a core comprising a layer
ol electro-optic dielectric material, a first layer of semicon-
ductor matenial provided below the electro-optic material
and a second layer of the semiconductor material provided
above the electro-optic material, and electrodes, configured
for applying voltages. The electro-optic dielectric material
has a Pockels tensor containing at least one non-vanishing
clement ri) where 17, and the electrodes comprise a {irst set
of electrodes provided substantially 1n direct contact with
the electro-optic dielectric material, and a second set of
clectrodes comprising at least an electrode provided sub-
stantially 1n direct contact with the first layer and at least an
clectrode substantially in direct contact with the second
layer, wherein the sets of electrodes are configurable to
apply 1n the electro-optic matenal, at least a substantially
horizontal electrical field and at least a substantially vertical
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clectrical field that are orientated substantially perpendicular
relative to each other.

13 Claims, 3 Drawing Sheets

(56) References Cited
U.S. PATENT DOCUMENTS

7,224,869 B2 5/2007 Cole et al.
7,224,878 Bl 5/2007 Wessels et al.

8,244,076 B2 8/2012 Heaton
8,873,895 B2* 10/2014 Fujkata .................. GO2F 1/025
385/1

2004/0114208 Al 6/2004 Balsamo et al.
2010/0002994 Al 1/2010 Baehr-Jones et al.

2010/0021124 Al1*  1/2010 Koos ..ocoooveevvvnnrnnnn, GO2F 1/011
385/141
2010/0111303 Al1* 5/2010 Finlayson ............. GO2F 1/0136
380/256

2012/0148183 Al 6/2012 Heaton
2013/0188902 Al* 7/2013 Gardes ........ccccvvnnen, GO2F 1/025
385/2
2015/0049978 Al* 2/2015 Fujkata .................. GO2F 1/025
385/3

OTHER PUBLICATIONS

Hiltunen, J. et al., “BaTiO3—SrTiO3 multilayer thin film electro-
optic waveguide modulator,” Applied Physics Letter vol. 89, pub-

lished Dec. 12, 2006.
List of IBM Patents or Patent Applications Treated as Related, dated
Aug. 10, 2016, 2 pages.

* cited by examiner



US 9,703,127 B2

3 _
5 v.
A 7 iiiﬁiiiégg
= y NN = e — __ S NN
72 e

3
e~ .N / W
= P
\ 7 /
1-,, .@ : . : :
v : : .
= A / L / \

\ v 09

U.S. Patent

01



A3

US 9,703,127 B2

"

.,

L

Sheet 2 of 3

Jul. 11, 2017

U.S. Patent



U.S. Patent Jul. 11, 2017

.l'%j
.
1‘; 1

‘I"F

=3
|
.. . “mﬂa!mmmﬂm%w o
Al : K iut-t.mﬁ‘!‘?"! ,,,,,, ) M ,
-f‘. - | ..Lt Lt " '. by 4 . - w4 - 11-—1" T " v

3

')

",

A e
i
A
A

: e Bi"““«i\ - :

:

e "

S S 1
%
i
% -4
1
N

"
'n:'_.."r

167
S 80 12(,,1.3’ 60

T ‘I*..

AN mw__,‘mw ..... RS

"'-,|
I.. ) - w":l""'i-“ ";:_ “l “‘?‘*‘W‘F‘?"‘
:-I-f -I-ﬂ- oy g By J-l-lll'-' J--ﬂ::-r - =-||1-| -I-L 2y gy by J---f:ﬂ-hﬂ-rh ---H":- -I-ﬂi Ty hﬂ:hqhh-- -‘l-r -IJ'- g Sy g, . g g Sy g g g
|
C)

Sheet 3 of 3

o ey e " e o e oy o "o ey ey e e e Ty e ey b3 o o e e g e o o e e g My e o ey e e e e
‘. ’ 6@2

oy

J-'Ib oy g 'l-ﬂ- PR S, ll"‘ ....1'.. ....'l-. hﬂ-ﬂ-hh:h--ﬂ'-'-:h
l
L
I 13
L
L
L
L
3

i

i

1

i M e M

{}

a

NN “Hg

US 9,703,127 B2

wak

J )

o 2.0%107

N,

o 5
S0Ox10

2

X el Fig, 5a

N o
if 1.0x30%

1 S5x10%.

:?{,-
ﬁ""'""’

a

Xy

Y P

m : 1

¥



US 9,703,127 B2

1
WAVEGUIDE STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based on and claims the benefit of
priority from commonly-owned United Kingdom Patent
Application 1407260.7, filed on Apr. 24, 2014. This appli-

cation 1s a continuation of U.S. patent application Ser. No.
14/694,094, filed on Apr. 23, 2015.

FIELD OF THE INVENTION

The present invention relates to a waveguide structure and
also extends to a method of fabricating such a waveguide
structure.

BACKGROUND OF THE INVENTION

For the integration of photonic circuits/structures into
silicon, several building blocks such as modulators, wave-
guides and detectors are needed. In order to link the elec-
trical domain and the optical domain, devices such as
clectro-optic modulators need to be developed. In the field
of telecommumnication, electro-optic materials such as
lithium miobate have been used to modulate light at rela-
tively lower power and higher speed. This mature technol-
ogy has not yet been applicable in silicon-based photonics as
silicon does not inherently show any linear electro-optic
cllect. Also, electro-optic materials that may be integrated
into silicon-based photonic structures without the need for
specific processing techmques, such as, for example, spin-
coating, and/or that may be compatible for the mass fabri-
cation of such devices are not yet generally available. The
use of plasma dispersion eflects 1n silicon may alleviate
some ol the issues limiting silicon-based photonics since
materials 1n addition to silicon may not be needed. However,
the exploitation of such eflects does not enhance the per-
formance of silicon-based photonic modulators to the extent
possible with modulators based on electro-optic matenals,
which provide an increased bandwidth by facilitating higher
order modulation schemes.

It 1s known that electro-optic active materials can be
integrated 1n waveguide structures that are then used to
tabricate electro-optical modulators or switches, such as ring
resonators and Mach-Zehnder modulators. An electro-optic
active material 1s a material whose refractive index can be
varied by applying an electrical field to this material, such an
clectrical field hereinafter being referred to as the modulat-
ing electrical field. Varying the refractive index of the
clectro-optic active material via the modulating electrical
field can be used to aflect the passage of an optical signal/
light traversing through the electro-optic active material.
The electro-optic eflect of an electro-optic active matenal
may depend on certain factors such as crystal orientation, the
clectrical fields that are applied to the electro-optic active
material and also the orientation of light with respect thereto.
The extent to which the variation of the refractive index
occurs for a given modulating electrical field comprises the
clectro-optic response of an electro-optic active material.

In respect of electro-optic active materials, 1t 1s known
that bartum titanate has a relatively large associated electro-
optic eflect and so would be desirable for the basis of an
optical modulator. A poling electrical field 1s applied to
bartum titanate to align/pole its ferroelectric domains. This
1s done to be able to record a macroscopic change 1n the
refractive index of the barium titanate when a modulating,
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2

clectrical field 1s applied thereto. The electro-optic response
of bartum titanate 1s increased when the modulating elec-
trical field and poling electrical field are orientated substan-
tially perpendicular with respect to each other.

Reference 1s now made to US2010/0111303A1 which
describes an electro-optic waveguide polarisation modulator
comprising a waveguide core having first and second faces
defining a waveguide core plane, a plurality of primary
clectrodes arranged at a first side of the waveguide core
plane and out of said plane, and at least one secondary
clectrode arranged at a second side of the waveguide core
plane and out of said plane, wherein the electrodes are
adapted 1n use to provide an electric field having field
components 1 two substantially perpendicular directions
within the waveguide core so as to modulate the refractive
index thereof such that electromagnetic radiation propagat-
ing through the core 1s converted from a first polarisation
state to a second polarisation state. This document discloses
a wave-guide core and cladding provided on the core, which
separates the core from two top electrodes. The voltages
applied to the two top electrodes are used to facilitate an
clectrical field having a horizontal field component and a
vertical field component 1n the core, which are described as
being perpendicular to each other. Consideration 1s now
made as to whether the described configuration would be
suitable for when the core comprises high-permittivity and/
or electro-optic active materials, such as, for example,
bartum titanate. Even though the electrical field components
may be perpendicular to each other in the present configu-
ration, it 1s unlikely that the horizontal field component 1s
present at the edges of the core. So, 1 respect of the core
comprising barium titanate, there would be no poling elec-
trical field at the edges of the core and so ferroelectric
polarisation of the barmum titanate in these regions 1s
unlikely. Furthermore, a relatively large voltage drop occurs
in the cladding for voltages applied to the two top electrodes
and so the horizontal and/or vertical electrical field compo-
nents may have relatively low associated field strengths in
the core. Thus, the effectiveness of the poling field and/or the
modulating electrical field in the electro-optic active mate-
rial when i1t comprises barium titanate 1s expected to be
reduced as 1s 1ts associated electro-optic response.

Turning to U.S. Pat. No. 4,691,984, this document dis-
closes a wavelength-independent electro-optical polarisa-
tion mode converter comprising: an electro-optical crystal
substrate cut in a plane defined by a direction perpendicular
to the optical axis of the crystal; an optical waveguide
formed by diffusion of material into a surface of the sub-
strate, the waveguide being oriented to provide for the
propagation of light from one end to the other, in a direction
parallel with the optical axis of the substrate; and electrode
means disposed on the surface of the substrate and posi-
tioned with respect to the waveguide to provide control of a
coupling coeflicient for conversion between one polarisation
mode and another, and control of the relative phase between
the two modes; whereby both modes experience the same
matenal refractive index, and any phase mismatch between
the modes can be corrected by applying a suitable bias
voltage through the electrode means. This document dis-
closes a waveguide in which three top electrodes are formed
on a waveguide core comprising a lithium niobate layer. A
cladding layer 1s provided between the three top electrodes
and the waveguide core. The three top electrodes are con-
figurable to apply a horizontal electrical field and vertical
clectrical field in the lithium niobate. Because a relatively
large voltage drop 1s likely to occur in the cladding layer
when respective voltages are applied to the three top elec-
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trodes, the honizontal and/or vertical electrical fields pro-
duced 1n the waveguide core by such voltage application are
expected to be of lower field strength, specifically in the
lithium miobate layer. Also, a ground electrode 1s absent 1n
the present configuration so field leakage may occur and
particularly the vertical electrical field strength may be
turther reduced. In respect of if the waveguide core of the
present configuration were to comprise barium titanate, the
above-discussed factors may cause a reduced efliciency with
which 1t may be poled and/or its refractive index modulated
and, therefore, an overall reduced electro-optic response 1s
to be expected.

The document titled, “Low power Mach-Zehnder modu-
lator 1n silicon-organic hybrid technology™, by Palmer et al.
published 1n IEEE photonics technology letters, vol. 25, no.
13, Jul. 1, 2013, discloses a silicon-organic hybrid modula-
tor based on a Mach-Zehnder interferometer. The device
consists ol a strip-loaded slot waveguide covered with an
clectro-optic polymer cladding. This document discloses a
slot wave-guide modulator 1n which a vertical slot filled with
clectro-optic active materials 1s provided between silicon
block electrodes. A single electrical field 1n a single direction
1s disclosed, there 1s no perpendicular field component. This
may pose a limitation for the use of this configuration 1n a
waveguide structure with a core 1 which the electro-optic
active matenal 1s, for example, bartum titanate, since 1t
cannot be poled perpendicularly with respect to the modu-
lating electrical field and so a reduced electro-optic response
1s likely.

The document titled, “AlGaAs—GaAs polarisation con-
verter with electro-optic phase mismatch control”, by Gros-
sard et al. published 1n IEEE photonics technology letters,
vol. 13, no. 8, August, 2001, discloses an electro-optic
transverse magnetic-transverse electric mode converter with
phase mismatch control integrated in AlGaAs—GaAs. Volt-
ages applied to the three electrodes facilitate respective
horizontal and vertical electrical fields 1 the AlGaAs—
GaAs layer. This configuration may not be suitable for
implementing a waveguide structure in which the core
comprises high permittivity and/or electro-optic active
materials such as, for example, barium titanate. A relatively
large voltage drop 1s likely to occur 1n the cladding layer
between the three electrodes and the core when respective
voltages are applied to the three electrodes. So, 1t 1s likely
that the horizontal and vertical electrical fields produced in
the core by such voltage application are of lower field
strength. Furthermore, 1n the absence of a ground electrode
in the present configuration, the vertical electrical field
strength 1s likely to be reduced. In combination, these factors
may contribute to a reduced electro-optic response of this
configuration.

In the document titled, “A review of lithium niobate
modulators for fiber-optic communications systems”, by
Wooten et al. published 1n IEEE journal of selected topics 1n
quantum electronics, vol. 6, 1ssue 1, January-February 2000,
a status of the lithium niobate external modulator technology
1s reviewed. Other waveguide structures and electro-optic

device/matenial technology have been disclosed 1n patent
documents US2012/0148183A1, U.S. Pat. No. 7,224,

878B1, EP1271220B1, U.S. Pat. No. 7,224,869B2, U.S. Pat.
No. 8,244,076B2, US2004/0114208A1 and i the docu-
ments titled, “A strong electro-optically active lead-free
terroelectric integrated on silicon” by Abel et al. published
in Nature communications 4, Article no. 1671, April 2013,
and “BaTiO3-SrT103 multilayer thin film electro-optic
waveguide modulator”, by Abel et al. published 1n Applied
Physics Letters, vol. 89, 1ssue 24, December 2006.

10

15

20

25

30

35

40

45

50

55

60

65

4

Accordingly, 1t 1s a challenge to provide a waveguide
structure, forming the basis of a silicon-based photonics

structure, with an integrated electro-optic active matenial,
that mitigates and/or obviates the drawbacks associated with
previously-proposed waveguide structures.

SUMMARY OF THE INVENTION

According to an embodiment of a first aspect of the
present invention, there 1s provided a waveguide structure
comprising: a core comprising a layer of at least an electro-
optic dielectric material, a layer of at least a semiconductor
material provided below the electro-optic material and a
layer of at least a semiconductor material provided above the
clectro-optic material, and electrodes that are configurable
for voltage application, wherein: the electro-optic dielectric
material has a Pockels tensor containing at least one non-
vanishing element r1j) where 11, and the electrodes comprise
respective sets of electrodes comprising a set of electrodes
that are provided substantially in direct contact with the
clectro-optic dielectric material, and a further set of elec-
trodes comprising at least an electrode provided substan-
tially 1n direct contact with the semiconductor material
below the electro-optic material and at least an electrode
provided substantially 1n direct contact with the semicon-
ductor material above the electro-optic material, wherein the
respective sets of electrodes are configurable to apply 1n the
clectro-optic material, when the waveguide structure 1s 1n
use, at least a substantially horizontal electrical field and at
least a substantially vertical electrical field that are orien-
tated substantially perpendicular relative to each other.

The electrode configuration 1n an embodiment of the
present invention comprises respective sets of electrodes. A
set of electrodes are provided substantially in direct contact
with the electro-optic dielectric material. Also provided 1s a
turther set of electrodes of which at least an electrode 1s
provided substantially in direct contact with the semicon-
ductor material above the electro-optic material and at least
an electrode that 1s provided substantially in direct contact
with the semiconductor material below the electro-optic
material. By way of the electrode configuration in an
embodiment of the present invention, the horizontal electr-
cal field and vertical electrical field are orientated substan-
tially perpendicular to each other, which may facilitate an
enhanced electro-optic eflect and/or electro-optic response
of the electro-optic matenial.

The electrode configuration according to an embodiment
tacilitates the application of a relatively higher horizontal
clectrical field and/or vertical electrical field to the electro-
optic material compared to previously-proposed solutions.
This may provide the advantage of a lower power consump-
tion since the application of a given electrical field in the
clectro-optic material may be done by applying lower volt-
ages to the sets of electrodes 1n an embodiment of the
present invention compared to previously-proposed solu-
tions.

In contrast to previously-proposed structures and/or
devices, there 1s no cladding layer between the electrodes
and the electro-optic material 1n an embodiment of the
present invention. Thus, higher electrical field strengths of
the horizontal electrical field and/or the vertical electrical
field 1n the electro-optic material are expected. This feature
may further enhance the electro-optic eflect and/or electro-
optic response of the electro-optic material 1n an embodi-
ment of the present invention. This feature may also con-
tribute to advantageously further reducing the power
consumption of an embodiment of the present invention as
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discussed hereinabove. The absence of incorporating a clad-
ding layer reduces the number of fabrication steps of an
embodiment of the present mvention compared to previ-
ously-proposed devices and/or structures.

An embodiment of the present mnvention may be suitable
to form the basis of a silicon-based waveguide structure. In
this regard, 1t may benefit from the mature fabrication and
processing technology based on silicon. Because the electro-
optic material may be integrated with ease and without the
need for special processing steps and/or equipment, such as,
for example, spin-coating, 1n an embodiment of the present
invention, 1t may be capable of matching the performance
capability of modulators/optical structures based on electro-
optic materials 1n terms of bandwidth capacity by facilitating
higher order modulation schemes and so outperform current
s1licon-based modulators.

Preferably, the horizontal electrical field and the vertical
clectrical field each facilitate a given corresponding effect 1in
the electro-optic material. It 1s more eflicient and effective to
use each of the horizontal electrical field and the vertical
clectrical field to facilitate a given corresponding eflect 1n
the electro-optic material than using a single electrical field
for the same purpose. Because the horizontal electrical and
vertical electrical field can be independently controlled, this
teature provides the advantage that the given corresponding
ellects, which consequently occur in the electro-optic mate-
rial due to applying the horizontal electrical field and
vertical electrical field thereto, may be facilitated 1n a
desired manner.

Desirably, the horizontal electrical field and the vertical
clectrical field are configurable to interchangeably facilitate
a given ellect in the electro-optic material. This confers
flexibility and versatility to an embodiment of the present
invention and extends its use with electro-optic materials
and/or applications where such a feature 1s desired.

Preferably, a given set of electrodes of the respective sets
of electrodes are configurable to pole ferroelectric domains
in the electro-optic material. This feature provides the
advantage of increased suitability for the use of an embodi-
ment of the present mvention with electro-optic materials
such as, for example, barium titanate. By exploiting the
relatively large electro-optic eflect of barium titanate, the
voltage and/or power consumption requirements of existing
s1licon-based optical modulators may be lowered by a factor
of >100 with an embodiment of the present invention.

Desirably, a given set of electrodes of the respective sets
of electrodes are configurable to modily a refractive index of
the electro-optic material. By voltage application to a given
set of electrodes of the respective sets of electrodes, the
refractive index of the electro-optic material may be modi-
fied by either a vertical electrical field or a horizontal
clectrical field in an embodiment of the present mnvention.
This feature imparts the advantages of tlexibility, ease of
operation and control to an embodiment of the present
invention.

Preferably, an embodiment of the present invention 1s
configurable to modify at least one of the horizontal elec-
trical field and the vertical electrical field 1n response to a
given temperature variation. Such a correction/compensa-
tion feature may extend the versatility and performance of
an embodiment of the present invention ahead of previously-
proposed waveguide structures and/or devices.

Desirably, an embodiment of the present invention 1s
configurable to modity at least one of the horizontal elec-
trical field and the vertical electrical field in response to a
given dimension deviation. Such a correction/compensation
teature may further extend the versatility and performance
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6

of an embodiment of the present invention ahead of previ-
ously-proposed waveguide structures and/or devices.

Preferably, an embodiment of the present mmvention 1s
configurable such that the hornizontal electrical and the
vertical electrical field are applied one of: simultaneously
and consecutively to the electro-optic material. This feature
extends the advantages of versatility and flexibility to an
embodiment of the present invention and increasing 1its
scope of use 1n an optical application/structure/device where
such a feature may be desired.

Desirably, the respective sets of electrodes are provided
on substantially a same plane relative to the electro-optic
maternial. This feature may provide the advantage of ease of
fabrication and/or integration of an embodiment of the
present invention with respect to an optical device/system/
structure such as, for example, a photonic structure.

Preferably, the electro-optic material exhibits a Kerr effect
in the range of 1e™'° m*/V~* to 1e™>> m*/V~. The electro-optic
material 1s chosen so as to have a dominant Pockels eflect
compared to its associated Kerr eflect, this being desirable
for certain applications for which an embodiment of the
present invention may be suited for.

Desirably, an embodiment of the present mnvention com-
prises a slot waveguide structure. This structure may provide
the advantage of relatively strong light confinement 1in the
layer of electro-optic material.

Preferably, the electro-optic dielectric material comprises
at least one of barium titanate and barium strontium titanate.
In contrast to previously-proposed waveguide structures, an
embodiment of the present invention 1s particularly suitable
for use with electro-optic maternials such as bartum titanate
and barium strontium titanate, which exhibit a large electro-
optic eflect compared to other electro-optic materials. In
respect of barium titanate, and as discussed heremabove, 1t
displays the strongest electro-optic eflect and/or electro-
optic response when: a poling electrical field 1s applied to
align 1ts ferroelectric domains and the modulating electrical
field that 1s applied to vary its refractive index 1s substan-
tially perpendicular to the poling field. These conditions are
all met 1n an embodiment of the present invention because
the vertical electrical field and the horizontal electrical field,
which may be used for poling the electro-optic matenal and
modifying 1ts refractive index, are orientated substantially
perpendicularly relative to each other in the electro-optic
material due to the electrode configuration feature of an
embodiment of the present mvention. This may facilitate
lower power consumption and higher speed performance of
an embodiment of the present mvention compared to pre-
viously-proposed waveguide structures.

Desirably, at least one of the semiconductor matenals
provided above and below the electro-optic material com-
prises one of: a Group IV material, a Group III-V matenal,
a crystalline material, a polycrystalline material and an
amorphous material. In this way, the compatibility of an
embodiment of the present invention with well-established,
cost-eflective and mass-fabrication processing techniques 1s
increased.

Preferably, at least one of the semiconductor materials
provided above and below the electro-optic material com-
prises amorphous silicon. This feature may confer the
advantage of ease of mntegration of an embodiment of the
present invention with silicon photonic devices and/or struc-
tures.

According to an embodiment of a second aspect of the
present invention, there 1s provided an optical structure
comprising at least a waveguide structure according to an
embodiment of the first aspect of the present mnvention. A
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waveguide structure according to an embodiment of the first
aspect of the present invention may also be used to enable
active photonic devices and/or structures such as Mach
Zehnder interferometers/modulators and ring resonators/
switches. The advantageous properties and/or features of a
waveguide structure according to an embodiment of the first
aspect of the present invention are imparted to such photonic
devices and/or structures.

A corresponding method aspect 1s also provided, and so,
according to an embodiment of a third aspect of the present
invention, there 1s provided a method for fabricating a
waveguide structure comprising the steps of: providing a
core comprising a layer of at least an electro-optic dielectric
material, a layer of at least a semiconductor material below
the electro-optic material and a layer of at least a semicon-
ductor material above the electro-optic material, and pro-
viding electrodes that are configurable for voltage applica-
tion, wherein: the electro-optic dielectric material 1s selected
to have a Pockels tensor containing at least one non-
vanishing element r1y where 1=, and the electrodes are
provided as comprising respective sets of electrodes com-
prising a set of electrodes that are provided substantially in
direct contact with the electro-optic dielectric material and a
set of electrodes comprising at least an electrode that 1s
provided substantially 1in direct contact with the semicon-
ductor maternial provided below the electro-optic material
and at least an electrode that 1s provided substantially 1n
direct contact with the semiconductor material provided
above the electro-optic material, wherein the respective sets
of electrodes are configurable to apply 1n the electro-optic
material, when the waveguide structure 1s 1n use, at least a
substantially horizontal electrical field and at least a sub-
stantially vertical electrical field that are orientated substan-
tially perpendicular relative to each other.

Features of one aspect may be applied to another aspect
and vice versa. Any of the embodiments shown and/or
described may be combined with each other. This 1s also
possible for one or more features of the embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference will now be made, by way of example, to the
accompanying drawings, in which:

FIG. 1 schematically illustrates an embodiment of the
present mvention;

FIGS. 2a and 2b respectively schematically illustrate a
horizontal electrical field and a wvertical electrical field
according to an embodiment of the present invention;

FIGS. 3a and 3b respectively schematically illustrate an
embodiment of the present invention;

FIGS. 4a and 4b respectively schematically illustrate
waveguide structures used for comparison with an embodi-
ment of the present invention as shown in FIGS. 3q and 35,

FIGS. 5a and 54/ schematically illustrate quantitative
calculations of the horizontal electrical field and vertical
clectrical field obtained with an embodiment of the present
invention as shown i FIGS. 3a and 36 and the structures

shown 1n FIGS. 4ag and 454.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS OF TH.
PRESENT INVENTION

L1

Within the description, the same reference numerals or
signs have been used to denote the same parts or the like.
Reference 1s now made to FIG. 1 by way of which the
layer/structural composition of the core 2 of a waveguide
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structure 1 according to an embodiment of the present
invention 1s described. The core 2 comprises respective
layers of an electro-optic dielectric material 3, a semicon-
ductor material 4 provided below the electro-optic material
3 and a semiconductor material 5 provided above the
clectro-optic material 3. The semiconductor materials
deposited below 4 and above 5 the electro-optic matenal 3
are chosen to each have a higher refractive index than the
clectro-optic material 3. A feature 5' 1s also provided in
conjunction with the semiconductor layer 5 provided above
the electro-optic material 3. It 1s created by processing the
semiconductor layer 5 and 1s of the same material compo-
sition as semiconductor layer 5. Also provided are electrodes
6, 6', 7, 8, to which voltages can be applied via correspond-
ing electrical terminals 60, 60', 7', 8'. The electro-optic
dielectric material 3 1s characterised in that it has a Pockels
tensor containing at least one non-vanishing element rig
where 1], and 1ts largest Pockels coetlicient 1s in the range
of 0.01 to 100000 pm/V.

The electrode configuration 1n an embodiment of the
present invention comprises respective sets of electrodes 6,
6', 7, 8. A set of electrodes 6, 6' 1s provided substantially 1n
direct contact with the electro-optic dielectric material 3,
such a set of electrodes being hereinafter referred to as the
first set of electrodes. Another set of electrodes 7, 8 1s also
provided comprising at least an electrode 7 provided sub-
stantially 1n direct contact with the semiconductor material
4 below the electro-optic material 3 and at least an electrode
8 provided substantially in direct contact with the semicon-
ductor material 5 above the electro-optic material 3, such a
set of electrodes being hereinafter referred to as the second
set of electrodes. In a preferred embodiment of the present
invention and as can be clearly seen from FIG. 1, the second
set of electrodes 7, 8 1s implemented by a respective pair of
metallic electrodes 7, 8 placed 1n direct contact with the
semiconductor materials below 4 and above 5 the electro-
optic material 3. In an embodiment of the present invention,
the respective sets of electrodes 6, 6', 7, 8 are provided on
substantially a same plane relative to the electro-optic mate-
rial 3. In this regard, and with reference to FIG. 1, the
respective sets of electrodes 6, 6', 7, 8 are provided relative
to a top surface of the electro-optic material 3 onto which the
semiconductor material 5 1s deposited. The core 2 and the
respective sets of electrodes 6, 6', 7, 8, are provided on a
substrate 10 1n an embodiment of the present invention.

With respect to a material composition of an embodiment
of the present invention as shown in FIG. 1, the waveguide
core 2 1s provided on a substrate 10, which is preferably a
buried oxide layer and comprises silicon dioxide. The elec-
tro-optic dielectric material 3 1s chosen to comprise bartum
strontium titanate and most preferably barium titanate. At
least one of the respective layers of semiconductor materials
4, 5 provided below and above the electro-optic material 3
1s chosen to comprise one of a Group IV material, a Group
I1I-V matenial, a crystalline material, a polycrystalline mate-
rial and an amorphous material. In this regard, at least one
of the layers of semiconductor materials 4, S provided below
and above the electro-optic material 3 1s chosen to comprise
amorphous silicon. In an embodiment of the present inven-
tion, the semiconductor layers 4, 5 provided below and
above the electro-optic material 3 may both comprise crys-
talline silicon or, alternatively, one of them may comprise
crystalline silicon and the other may comprise amorphous
silicon. A cladding 9 of silicon dioxide 1s also provided.

Reference 1s now made to FIGS. 24 and 254, which
respectively schematically illustrate a horizontal electrical
field 11 and a vertical electrical field 12, each of which may
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be used to facilitate a given corresponding eflect in the
clectro-optic material 3, 1n an embodiment of the present
invention. This feature 1s of particular advantage 1n respect
of the electro-optic material 3 mm an embodiment of the
present invention, which 1s chosen to have a Pockels tensor
with at least one non-vanishing element r1j where 1=7. This
1s because such a corresponding effect, which may be one of
poling the electro-optic material and modulating 1ts refrac-
tive index, may be facilitated 1n the non-diagonal directions
of the crystal structure of the electro-optic matenal 3.

As can be clearly seen from FIGS. 2a and 2b, the
horizontal electrical field 11 and the vertical electrical field
12 are respectively in-plane and out-of-plane relative to a
surface of the electro-optic material 3 onto which the
respective sets of electrodes 6, 6', 7, 8 are provided. Because
of the electrode configuration 6, 6', 7, 8 feature of an
embodiment of the present invention as hereimabove
described, the horizontal electrical field 11 and the vertical
clectrical field 12 are orientated substantially perpendicular
to each other in the electro-optic matenal 3.

Reference 1s now made to FIG. 2a 1n order to describe
how the horizontal electrical field 11 1s facilitated 1n an
embodiment of the present invention. Applying respective
voltages to the electrical terminals 60, 60' corresponding to
the first set of electrodes 6, 6' causes a voltage drop to occur
horizontally 1n the electro-optic material 3 spanning between
the first set of electrodes 6, 6'. In this way, and as can be
clearly seen from FIG. 2a, a horizontal electrical field 11 1s
homogeneously provided substantially in the full extent of
the electro-optic material 3 of the waveguide core 2. Accord-
ingly, the electrode configuration of an embodiment may
tacilitate the application of a relatively higher horizontal
clectrical field 11 to the electro-optic material 3 than previ-
ously-proposed solutions.

Reference 1s now made to FIG. 26 1n order to describe
how the wvertical electrical field 12 1s {facilitated in an
embodiment of the present invention. The electrodes 7, 8 of
the second set of electrodes 7, 8 are implemented using
metallic electrodes/pads contacting the respective layers of
semiconductor materials 4, 5 provided below and above the
clectro-optic material 3. By way of this arrangement, the
clectrical potentials 1n the respective layers 4, § of semi-
conductor materials provided below and above the electro-
optic material 3 are substantially the same as the electrical
potentials in the metallic electrodes 7, 8 1n contact thereto.
The electrical potentials 1n the metallic electrodes 7, 8 are
tacilitated by the application of respective voltages to the
clectrical terminals 7', 8' corresponding thereto. Thus, the
layers of semiconductor materials 4, 5 provided above and
below the electro-optic material 3 perform as semiconduct-
ing electrodes and provide a continuation of the respective
metallic electrodes 7, 8 1n the regions where they respec-
tively contact the electro-optic material 3. Application of
respective voltages to the second set of electrodes 7, 8
causes a voltage drop vertically and substantially uniformly
across the electro-optic material 3. In this way, the vertical
clectrical field 12 1s applied to the electro-optic material 3 1n
an embodiment of the present invention. With respect to the
layers of respective semiconductor material 4, 5 provided
below and above the electro-optic material 3 performing as
semiconducting electrodes, the layer of semiconductor
material 4 provided below the electro-optic material 3
performs as a ground electrode and provides the advantage
of reduced leakage of the vertical electrical field 12 1n an
embodiment of the present invention. Accordingly, the elec-
trode configuration of an embodiment may {facilitate the
application of a relatively higher vertical electrical field 12
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to the electro-optic material 3 than previously-proposed
solutions. This feature may also further contribute to low-
ering the power consumption of an embodiment of the
present invention as discussed hereinabove.

Other features of an embodiment of the present invention
also facilitate a relatively higher horizontal electrical field 11
and/or vertical electrical field 12 to be applied to the
clectro-optic material 3. In this regard, and 1n contrast to
previously-proposed solutions, there 1s no cladding layer 9
between the respective electrodes 6, 6', 7, 8 and the electro-
optic material 3 1n an embodiment of the present invention.
Thus, higher electrical field strengths of the horizontal
clectrical field 11 and/or the vertical electrical field 12 are
expected.

An embodiment of the present mnvention 1s configured 1n
a slot waveguide structure, namely, a layer of the electro-
optic material 3 1s provided between two layers of semicon-
ductor matenals 4, 5. The electro-optic material 3 1s chosen
to have a lower refractive index than either of the semicon-
ductor materials 4, 5 provided in relation thereto. This
increases the confinement of light 1n the electro-optic mate-
rial 3.

An embodiment of the present invention 1s particularly
suited for use with barium titanate, which displays the
strongest electro-optic eflect and/or electro-optic response
when: a poling electrical field 1s applied to align its ferro-
clectric domains and a modulating electrical field that 1s
applied to vary its refractive index 1s substantially perpen-
dicular to the poling field. These conditions are all met 1n a
waveguide structure 1 because the horizontal electrical field
11 and the vertical electrical field 12 are orientated substan-
tially perpendicularly relative to each other in the electro-
optic material 3 due to the electrode configuration 6, 6', 7, 8
feature of an embodiment of the present mvention. The
horizontal electrical field 11 and the vertical electrical field
12 can each be applied to facilitate the given corresponding
ellects of poling the electro-optic material 3 and moditying
its refractive index, which 1s more effective and eflicient
than using a single electrical field to achieve the same
purposes, particularly for bartum titanate with a large r42
coellicient. That the horizontal electrical field 11 and the
vertical electrical field 12 may be mterchangeably used for
providing a given etlect i the electro-optic material 3 1s of
particular advantage 1n an embodiment of the present inven-
tion. In this respect, the horizontal electrical field 11 and the
vertical electrical field 12 may be interchangeably used for
providing the respective eflects of poling the electro-optic
material 3 and moditying 1ts refractive index when the
crystalline orientation of the electro-optic material 3 deter-
mines whether poling thereot should be done via a horizon-
tal electrical field 11 or vertical electrical field 12—this may
be the case for when the electro-optic material 3 comprises
bartum titanate, for example. Where the horizontal electrical
field 11 1s used for poling the electro-optic material 3, and
because 1t 1s substantially homogeneously provided in the
waveguide core 2 1n an embodiment of the present invention
as can be ascertained from the discussion corresponding to
FIG. 2a, the electro-optic material 3 may be poled more
cllectively and to a larger extent than 1n previously-proposed
waveguide structures. So, the electro-optic eflect and/or
clectro-optic response of the electro-optic material 3 1n an
embodiment of the present invention may be further
enhanced compared to previously-proposed waveguide
structures.

As mentioned hereinabove, the horizontal electrical 11
and the vertical electrical field 12 may be applied simulta-
neously or consecutively to the electro-optic maternial 3.

e
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Where they are applied simultaneously and depending on
theirr respective magmitudes, an arbitrary direction ol an
clectrical field, which 1s essentially the sum of the horizontal
clectrical field 11 and the vertical electrical field 12, may be
obtained 1n the electro-optic material 3 of the waveguide 5
core 2. A non-horizontal/vertical electrical field aflects dii-
terent coeflicients of the Pockels tensor and so this feature
of an embodiment of the present invention may be used to
advantage for certain materials and/or applications. Where
the horizontal electrical field 11 and the vertical electrical 10
field 12 are applied consecutively, one of them can be used

to pole the electro-optic material 3 before operation of a
modulator, for example, whilst the other 1s then modulated

at high frequency during device operation.

An embodiment of the present invention 1s configurable to 15
modify at least one of the horizontal electrical field 11 and
the vertical electrical field 12 1n response to a given tem-
perature variation. The optical properties of photonic struc-
tures may be changed by the occurrence of temperature
changes/driits. The refractive index of electro-optic materi- 20
als integrated in such photonic structures may be modified
undesirably due to such temperature changes. In this regard,
an embodiment of the present invention confers the advan-
tage that a change 1n a given optical property, for example,

a refractive index of the electro-optic material 3, due to a 25
given temperature variation may be compensated for by
modifying the horizontal electrical field 11 and/or the ver-
tical electrical field 12 via voltage application to a given set
of electrodes 6, 6', 7, 8 of the respective sets of electrodes 6,
6', 7, 8. 30

Another feature of an embodiment of the present inven-
tion 1s that 1t 1s configurable to modify at least one of the
honizontal electrical field 11 and the vertical electrical field
12 1n response to a given dimension deviation. In this regard,
it 1s known that design targets may be deviated from during 35
the fabrication of optical/photonic structures. Even rela-
tively small deviations from given fabrication tolerances
may significantly and, often undesirably, change the optical
propertiecs ol such optical/photonic structures. In this
respect, an embodiment of the present invention may confer 40
the advantage of compensating for changes 1n given optical
properties due to fabrication deviations by modifying at least
one of the horizontal electrical field 11 and the vertical
clectrical field 12 via voltage application to a given set of
clectrodes 6, 6', 7, 8 of the respective sets of electrodes 6, 6', 45
7, 8. By way of example, a shiit in the resonance wavelength
ol a photonic cavity occurs when the cavity length 1s even
slightly off its associated design target. By modilying at least
one of the horizontal electrical field 11 and the vertical
clectrical field 12 in an embodiment of the present invention, 50
the refractive mndex of the electro-optic material 3 may be
changed, thereby correcting for the change in the cavity
length caused by the fabrication deviation. This feature
extends the advantage of compensating and/or correcting for
the eflects of fabrication uncertainty encountered with 55
respect to an embodiment of the present invention and/or
any structure that 1t may integrated into.

Reference 1s now made to FIGS. 4a and 45 that respec-
tively schematically 1llustrate waveguide structures for com-
parison with an embodiment of the present immvention as 60
shown 1 FIGS. 3q and 3b. The waveguide structure shown
in FIG. 4aq differs from an embodiment of the present
invention shown in FIGS. 3a and 35 1n that 1ts electrodes
corresponding to the first set of electrodes 6, 6' in an
embodiment of the present invention are provided on a 65
cladding spacer 9 instead of an electro-optic material 3, the
latter being provided as directly underlying feature §' and

12

above the semiconductor material indicated by reference
numeral 4. Also, a top electrode 13 comprising a metallic
pad with corresponding electrical terminal 13' 1s provided
separated by cladding 9 from the rest of the structural
features of the waveguide structure. Turning to the wave-
guide structure shown 1n FI1G. 45, 1t differs from that shown
in FIG. 4a 1n that 1ts electrodes 6, 6' corresponding to, and
like, the first set of electrodes 6, 6' 1n an embodiment are
provided on an electro-optic material 3 spanning the under-
lying semiconductor material 4 rather than a cladding spacer
layer 9.

The material composition of the waveguide structure
according to an embodiment of the present invention as
shown 1n FIGS. 3q and 35 1s as follows: the waveguide core
2 1s provided on a substrate 10, which 1s preferably a buried
oxide layer and comprises silicon dioxide; the electro-optic
dielectric material 3 comprises bartum titanate; the respec-
tive layers of semiconductor materials 4, 5 provided below
and above the electro-optic material 3 are both chosen to
comprise silicon; the cladding 9 comprises silicon dioxide
and the respective sets of electrodes 6, 6', 7, 8 are 1mple-
mented by way of metallic pads. Corresponding structural
teatures of the comparison waveguide structures shown 1n
FIGS. 4a and 45 and the waveguide structure according to
an embodiment of the present invention shown in FIGS. 3a
and 35 have the same material composition as described
hereinabove.

In the waveguide structure of FIG. 3a, according to an
embodiment of the present invention, a horizontal electrical
field 11 1s generated 1n the electro-optic material, barium
titanate layer 3 by voltage application to the first set of
clectrodes 6, 6'. In the waveguide structure of FIG. 4a, a
horizontal electrical field 11' 1s generated by voltage appli-
cation to the electrodes thereof corresponding to the first set
of electrodes 6, 6' 1n FIG. 3a. FIG. Sa schematically 1llus-
trates profiles 14, 15 of the respective horizontal electrical
fields 11, 11' that are generated 1n the x-direction.

As can be clearly seen from FIG. 5a, the horizontal
clectrical field 11' depicted by profile 135 substantially in the
clectro-optic material, bartum titanate layer 3 in the wave-
guide core, —250 nm<x<250 nm for the approximately 500
nm wide waveguide, 1s of a significantly lower magnitude
for the comparison waveguide structure of FIG. 4a com-
pared to the horizontal electrical field 11 depicted by profile
14 generated with the waveguide structure 1 according to an
embodiment of the present mnvention as shown 1n FIG. 3a.
This 1s particularly evident in the region of the centre of the
respective waveguide structures, underlying feature 3'. Such
an observation in respect of the comparison waveguide
structure of FI1G. 4a may be attributed to the cladding spacer
layer 9 underlying the electrodes used in the generation of
the horizontal electrical field 11' rather than the electro-optic
material, bartum titanate layer 3 as 1s the case 1n an embodi-
ment of the present mnvention as shown 1n FIG. 3a.

In the waveguide structure of FIG. 3b, according to an
embodiment of the present invention, a vertical electrical
field 12 1s generated 1n the electro-optic material 3 compris-
ing barium titanate by voltage application to the pairs of
clectrodes of the second set of electrodes 7, 8 as has already
been described hereimnabove. In the comparison waveguide
structure of FIG. 4b, a vertical electrical field 12' is gener-
ated by voltage application to the pair of out-of-plane
clectrodes 7, which are provided in contact with the silicon
layer 4 deposited below the electro-optic material, barium
titanate layer 3, and to the top electrode 13. FIG. 35
schematically illustrates profiles 16, 17 of the respective
vertical electrical fields 12, 12' that are generated.
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In respect of the comparison waveguide structure of FIG.
4b, a relatively large drop of the vertical field 12' occurs 1n
the cladding 9 below the top electrode 13, which separates
it from the other structural features of the comparison
waveguide structure, and 1s accordingly reduced in the
clectro-optic material, barium titanate layer 3. With refer-
ence to the waveguide structure 1 according to an embodi-
ment of the present invention as shown 1n FIG. 35, and 1n the
absence of a cladding spacer 9 between the second set of
clectrodes 7, 8 and the electro-optic, barium titanate layer 3,
the magnitude of the vertical electrical field 12 1n the
clectro-optic, barium titanate layer 3 1s higher than what 1s
obtained with the comparison waveguide structure of FIG.
4b. Accordingly, the comparison waveguide structure of
FIG. 4b has a lower associated electro-optic response, which
would lead to higher power consumption than in the case of
the waveguide structure 1 embodying the present invention
and as shown 1n FIG. 35.

From FIG. 5b, it can be seen from profile 16 that the
vertical electrical field 12 1n a waveguide structure 1 accord-
ing to an embodiment of the present invention as shown 1n
FIG. 3b begins to increase at the interface between the
buried oxide substrate layer 10 and the silicon layer 4
provided below the electro-optic, barium titanate layer 3,
corresponding to y=-3500 nm in FIG. 5b4. The vertical
clectrical field 12 1s of highest magnitude in the electro-
optic, barium titanate layer 3 between its respective inter-
taces with the silicon layers provided below 4 and above 5
in relation thereto. In contrast, and referring to profile 17, the
magnitude of the vertical electrical field 12' generated by the
comparison waveguide structure of FIG. 4b 1s much smaller
in the electro-optic, bartum titanate layer 3 1n such corre-
sponding regions.

An embodiment of the present invention is not restricted
to the electro-optic material 3 comprising barium titanate.
Any other suitable electro-optic material, which has a high-
permittivity and/or in which the application of a horizontal
clectrical field 11 and a vertical electrical field 12 that are
orientated substantially perpendicular to each other 1is
desired may be used.

The second set of electrodes 7, 8 provided on the respec-
tive semiconductor materials 4, 5 below and above the
clectro-optic material 3 are not restricted to an arrangement
of pairs of electrodes 7, 8 symmetrically provided relative to
the waveguide centre. A scenario where an electrode 7, 8 1s
provided on each of the semiconductor materials 4, 5
deposited below and above the electro-optic material 3 1s
also encompassed within the scope of an embodiment of the
present mvention.

Regarding the electrode arrangement in an embodiment of
the present invention, the order of the electrodes from the
waveguide core 2 to the sides of the waveguide 1 may be
interchanged. For example, the metallic electrodes 7 con-
tacting the semiconductor material 4 deposited under the
clectro-optic material 3 may be placed closer to the wave-
guide core 2 than the first set of electrodes 6, 6'.

The present invention has been described purely by way
ol example and modifications of detail can be made within
the scope of the mvention.

Each feature disclosed in the description, and where
appropriate, the claims and the drawings may be provided
independently or 1n any appropriate combination.

The 1nvention claimed 1s:

1. A method for fabricating a waveguide structure (1)
comprising the steps of: providing a core (2) comprising a
layer of at least an electro-optic dielectric material (3), a
layer of at least a semiconductor material (4) below the
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clectro-optic material (3) and a layer of at least a semicon-
ductor matenal (5) above the electro-optic material (3), and
providing electrodes (6, 6', 7, 8) that are configurable for
voltage application, wherein: the electro-optic dielectric
material (3) 1s selected to have a Pockels tensor contaiming
at least one non-vanishing element r1j where 1] and the
clectrodes (6, 6', 7, 8) are provided as comprising respective
sets of electrodes (6, 6', 7, 8) that comprise a set of electrodes
(6) that are provided substantially 1in direct contact with the
clectro-optic dielectric material (3) and a set of electrodes (7,
8) comprising at least an electrode (7) that 1s provided
substantially in direct contact with the semiconductor mate-
rial (4) provided below the electro-optic material (3) and at
least an electrode (8) that 1s provided substantially 1n direct
contact with the semiconductor material (5) provided above
the electro-optic material (3), wherein the respective sets of
clectrodes (6, 6', 7, 8) are configurable to apply in the
clectro-optic matenal (3), when the waveguide structure (1)
1s 1n use, at least a substantially horizontal electrical field
(11) and at least a substantially vertical electrical field (12)
that are orientated substantially perpendicular relative to
each other, and

wherein the horizontal electrical field (11) and the vertical

clectrical field (12) are each configurable to facilitate a
given corresponding eflect in the electro-optic material
(3).

2. A method as claimed 1n claim 1, wherein the horizontal
clectrical field (11) and the vertical electrical field (12) are
configurable to interchangeably facilitate a given efliect 1n
the electro-optic material (3).

3. Amethod as claimed 1n claim 1, wherein a given set of
clectrodes of the respective sets of electrodes (6, 6', 7, 8) are
configurable to pole ferroelectric domains in the electro-
optic material (3).

4. A method as claimed 1n claim 1, wherein a given set of
clectrodes of the respective sets of electrodes (6, 6', 7, 8) are
configurable to modily a refractive index of the electro-optic
material (3).

5. Amethod as claimed 1n claim 1, configurable to modity
at least one of the honizontal electrical field (11) and the
vertical electrical field (12) in response to a given tempera-
ture variation.

6. A method as claimed 1n claim 1, configurable to modify
at least one of the honizontal electrical field (11) and the
vertical electrical field (12) 1in response to a given dimension
deviation.

7. A method as claimed 1n claim 1, configurable such that
the horizontal electrical (11) and the vertical electrical field
(12) are applied one of: simultaneously and consecutively to
the electro-optic material (3).

8. A method as claimed 1n claim 1, wherein the respective
sets of electrodes (6, 6', 7, 8) are provided on substantially
a same plane relative to the electro-optic material (3).

9. A method as claimed 1n claim 1, wherein the electro-
optic material (3) exhibits a Kerr eflect in the range of
1le™*’m?*/V* to 1le™>’m*/V>.

10. A method as claimed 1n claim 1, comprising providing
a slot waveguide structure (3, 4, 5, 5').

11. A method as claimed 1n claim 1, wherein the electro-
optic dielectric material (3) comprises at least one of barium
titanate and barium strontium titanate.

12. A method as claimed 1n claim 1, wherein at least one
of the semiconductor materials (4, 5) provided above and
below the electro-optic material (3) comprises one of: a
Group IV matenal, a Group III-V matenal, a crystalline
material, a polycrystalline material and an amorphous mate-
rial.
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13. A method as claimed 1n claim 1, wherein at least one
of the semiconductor materials (4, 5) provided above and
below the electro-optic material (3) comprises amorphous
s1licon.

16
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